O-GlcNAcylation is a dynamic post-translational modification consisting of the addition of a single N-acetylglucosamine sugar to serine and threonine residues in proteins by the enzyme O-linked ␤-N-acetylglucosamine transferase (OGT), whereas the enzyme O-GlcNAcase (OGA) removes the modification. In cancer, tumor samples present with altered O-GlcNAcylation; however, changes in O-GlcNAcylation are not consistent between tumor types. Interestingly, the tumor suppressor p53 is modified by O-GlcNAc, and most solid tumors contain mutations in p53 leading to the loss of p53 function. Because ovarian cancer has a high frequency of p53 mutation rates, we decided to investigate the relationship between O-GlcNAcylation and p53 function in ovarian cancer. We measured a significant decrease in O-GlcNAcylation of tumor tissue in an ovarian tumor microarray. Furthermore, O-GlcNAcylation was increased, and OGA protein and mRNA levels were decreased in ovarian tumor cell lines not expressing the protein p53. Treatment with the OGA inhibitor Thiamet-G (TMG), silencing of OGA, or overexpression of OGA and OGT led to p53 stabilization, increased nuclear localization, and increased protein and mRNA levels of p53 target genes. These data suggest that changes in O-GlcNAc homeostasis activate the p53 pathway. Combination treatment of the chemotherapeutic cisplatin with TMG decreased tumor cell growth and enhanced cell cycle arrest without impairing cytotoxicity. The effects of TMG on tumor cell growth were partially dependent on wild type p53 activation. In conclusion, changes in O-GlcNAc homeostasis activate the wild type p53 pathway in ovarian cancer cells, and OGA inhibition has the potential as an adjuvant treatment for ovarian carcinoma.
the levels of UDP-GlcNAc providing more substrate for O-GlcNAcylation (15) .
Indeed, the levels of O-GlcNAc and protein expression of OGT and OGA are aberrant in different tumors and may be associated with prognosis and tumor grade (3) . However, there is not a clear pattern of O-GlcNAcylation changes between different tumor types. In lung and colon cancer, for example, there is an increase in O-GlcNAcylation and OGT levels compared with normal tissue (16) . However, in thyroid cancer O-GlcNAc levels are lower and OGA activity is higher when compared with normal thyroid tissue (17) . O-GlcNAcylation was proposed as a prognostic factor for prostate cancer and leukemia with high O-GlcNAc levels in leukemia patients leading to a better prognosis (18) ; however, in prostate cancer higher O-GlcNAc correlates with a poor prognosis (19) . All these conflicting data show that O-GlcNAc can have different roles in different tissues, contributing to or impairing tumor development and treatment. However, one thing is common to all tumor types tested, alterations in O-GlcNAcylation are reported in cell transformation (20) . Nevertheless, questions about the functional role of these O-GlcNAc changes in the acquisition of malignancy and tumor progression still remain.
During cell transformation, many signaling pathways become deregulated due to a gain of function of oncogenes and a loss of function of tumor suppressors. The tumor suppressor p53 plays a critical role in cell biology, controlling functions such as cell cycle progression, DNA damage response, apoptosis, senescence, and angiogenesis (21) . Under normal conditions, p53 is ubiquitinated by the E3-ubiquitin ligase Mouse Double Minute 2 homolog (MDM-2) causing the continual degradation of p53 through the proteasome (22) . However, in response to stress, p53 is stabilized and activated by PTMs that inhibit its interaction with MDM-2 and promote interactions with co-factors and DNA leading to the up-regulation of genes related to stress response and cell cycle arrest (23) . In cancer, p53 is found silenced or mutated in 50 -55% of the all cases losing its function as a tumor suppressor (24) . Mutations in p53 also correspond to poor prognosis and low response to chemotherapy (25) .
Previously, p53 was found to be O-GlcNAcylated at Ser-149. O-GlcNAcylation of p53 led to a decrease in p53 degradation by the proteasome suggesting that O-GlcNAc stabilizes p53 (26) . However, very little is known about the consequences of altered O-GlcNAc homeostasis and its effects on the p53 pathway. The aim of this work is to study the relationship between O-GlcNAc and ovarian cancer and to understand the connection between O-GlcNAcylation and p53 because ovarian cancer has a high p53 mutation rate (27) . Our data reveal that wild type p53 senses changes in cellular O-GlcNAcylation to modulate gene transcription and suggests OGA inhibition as a potential target for adjuvant therapy in cancer.
Results

O-GlcNAcylation Is Decreased in Ovarian Tumors
Compared with Normal Tissue-Changes in O-GlcNAcylation levels as well as OGT and OGA expression occur with cellular transformation (3); however, no clear diagnostic or prognostic pattern has emerged between normal and tumor tissue. Using a tumor microarray containing 48 ovarian tumors samples and nine normal tissue samples, we evaluated the changes in O-GlcNAcylation, OGT, and OGA between normal and cancer tissue. The tissue microarray contained two different sets of patient samples as follows: the first set consists of patientmatched primary tumor and recurrent tumors, and the second set contains patient-matched primary and metastatic carcinoma samples. The scores generated by the staining intensity were compared within and across these groups. We found that in all groups O-GlcNAcylation in the cytoplasm was very low with higher amounts of O-GlcNAcylation occurring in the nucleus. OGT expression was predominantly nuclear, whereas OGA expression was distributed between the cytoplasm and nucleus. O-GlcNAcylation was significantly decreased in tumor tissue when compared with normal tissue, and no significant difference was found between primary and recurrent tumors or primary and metastatic tumors ( Fig. 1, A-D) . No significant differences were found comparing tumor grades or tumor phenotypes (data not shown). In ovarian tumors, OGA expression is significantly decreased in the cytoplasm with a slight but not significant increase in the nucleus (Fig. 1 , C and D). OGT expression in tumor tissues is significantly decreased in the nucleus with a slight but not significant increase in the cytoplasm (Fig. 1, C and D) . These data indicate that ovarian tumors present with less O-GlcNAcylated proteins than normal ovary tissue, with decreased OGA cytoplasmic expression and increased OGT nuclear expression.
O-GlcNAcylation Is Related to the Presence but Not the Transcriptional Activity of p53-To investigate the relationship between O-GlcNAcylation and p53 status, we used five cell lines with different p53 backgrounds. We used ovarian cell lines A2780 (wild-type p53), SKOV-3 (p53 null), OVCAR-7 (p53 null), OVCAR-8 (splice variant), and OVCAR-10 (one allele mutated, point mutation) (Table 1) . A2780, OVCAR-10, and OVCAR-8 express p53, whereas SKOV-3 and OVCAR-7 do not produce the protein ( Fig. 2A ). All cell lines except p53 null SKOV-3 produce p53 transcripts ( Fig. 2B ). Expression of p53target genes, CDKN1 (p21) and BAX, are low in all cells in comparison with p53 wild type cell line A2780. (Fig. 2C ).
Next, we analyzed the overall O-GlcNAcylation status as well as expression of OGA, OGT, and glutamine-fructose-6-phosphate-aminotransferase (GFAT), the key enzyme in the production of UDP-GlcNAc, the metabolic substrate for OGT. O-GlcNAcylation, OGA, OGT, and GFAT protein expression were unrelated to mutations in the p53 gene, TP53 (Fig. 3, A and  B) . Gene expressions of MGEA5 (OGA), OGT, GFPT1 (GFAT1), and GFPT2 (GFAT2) were also unrelated to mutations in TP53 ( Fig. 3C ). Curiously, OGT mRNA was significantly elevated in the OVCAR-10 cell line; however, this mRNA change did not correlate with protein level (Fig. 3 , A-C). Interestingly, OGA protein and mRNA levels are higher, accompanied by decrease in O-GlcNAcylation in cells with p53 protein expression ( Fig. 3 , A-C). Furthermore, p53 chromatin immunoprecipitation (ChIP) data showed no binding of p53 at the OGA or OGT promoter 4 in two p53 wild type tumor cell lines (RMG1 and TOV21G). These data suggest that OGA expression and O-GlcNAcylation are related to the presence of p53, but not necessarily to p53 function as a transcription factor.
O-GlcNAc Regulates Wild Type p53 Stability and Activity-
Because O-GlcNAc regulates p53 stability (26) , we asked the question whether changes in cellular O-GlcNAc levels influ- ence p53 activity. First, we used Thiamet-G (TMG), an OGA inhibitor, to increase overall O-GlcNAcylation (28) . Treatment with TMG for 6 and 24 h had no significant effect on p53 or MDM-2 protein levels ( Fig. 4A ) or p53 mRNA levels ( Fig. 4C ). However, we did see an increase in mRNA levels of p53 target gene BAX and increased protein and mRNA levels of p21 ( Fig.  4 , B and D) in cell lines with functional p53. In cell lines with mutated p53, we saw no significant differences. A slight increase in p21 protein and mRNA levels did occur in OVCAR-8 ( Fig. 4 , B and D).
Transcription factors like p53 have to translocate to the nucleus and bind to the DNA to promote target gene transcription. Next, we analyzed p53 subcellular location in response to TMG treatment and OGA silencing. TMG treatment caused an increase in wild type p53 translocation to the nucleus (Fig. 4 , E and F). However, mutant p53 localization was insensitive to TMG treatment ( Fig. 4 , G and H).
To confirm these results we produced stable A2780 cell lines silenced for OGA ( Fig. 5A ). Wild type p53 cells had increased mRNA levels of Bax, higher protein and mRNA levels of p21, but no changes in p53 levels when OGA was silenced ( Fig. 5 , A-D). OGA knockdown caused an increase in wild type p53 translocation to the nucleus (Fig. 5 , E and F). These data suggest that modulation of OGA function either pharmacologically or by loss of the enzyme expression influences wild type p53 function.
Because pharmacological inhibition and loss of function of OGA altered p53 pathway function, we then decided to manipulate O-GlcNAc levels by overexpressing either OGT or OGA ( Fig. 6A ). We found a significant increase in wild type p53 protein levels when OGA or OGT was overexpressed ( Fig. 6 , B and C). Interestingly, OGA/OGT overexpression increased the protein levels of all major p53 isoforms (p53␣, p53␤, and p53␥) ( Fig. 6 , B and C). Protein expression of p53 target genes p21 and MDM-2 ( Fig. 6 , B and C) as well as mRNA levels p21 and BAX ( Fig. 6 , D and E) were higher in these cells. However, p53 and p53 isoforms of mRNA expression were not increased by OGA or OGT overexpression ( Fig. 6 , D and E, data not shown). We also analyzed the effect of OGA and OGT overexpression in the p53-mutated cell line OVCAR-8. No difference in p53 or p21 levels was observed in OVCAR-8 cells ( Fig. 6B ). Still, to determine whether this phenomenon is dependent on wild type p53 and not specific to ovarian cancer cells, we overexpressed OGA and OGT in wild type p53 neuroblastoma SH-SY5Y cells. Overexpression of both enzymes in SH-SY5Y also led to increased p53 and p21 levels ( Fig. 6B ). As with the TMG treatment, we measured increased p53 nuclear translocation in OGA-and OGT-overexpressing cells (Fig. 6, F and G) . These data suggest that overexpression of OGA and OGT led to stabilization, nuclear accumulation, and activation of wild type p53. Interestingly, OVCAR-8 cells, which have mutated p53, do not show p53 stabilization in response to OGA nor OGT overexpression.
O-GlcNAcylation Influences Post-translational Modifications of the p53 Pathway-Several PTMs such as phosphorylation, acetylation, ubiquitination, and methylation can regulate p53 function (23) . Importantly, p53 is O-GlcNAcylated at Ser-149, and this modification is related to stability of the protein (26) . Because increased O-GlcNAc levels generated by TMG treatment led to activation of p53, we hypothesized this effect was due to increased p53 O-GlcNAcylation. A2780 cells overexpressing p53-GFP fusion protein were treated with TMG for 4 h. Immunoprecipitation of p53 was performed and then probed for O-GlcNAcylation. O-GlcNAcylated p53 in this cell line was undetectable even after p53 overexpression and inhibition of OGA ( Fig. 7A ). These data suggest that changes in p53 levels and activation caused by treatment with TMG or OGA/OGT overexpression were likely not due to p53 O-GlcNAcylation.
MDM-2 levels control the stability of p53. Phosphorylation of MDM-2 at Ser-166 is responsible for preventing MDM-2 ubiquitination and degradation (29) leading to increased MDM-2 cytoplasmic levels and decreasing p53 levels. Interestingly, overexpression of OGA and OGT significantly increased MDM-2 phosphorylation at Ser-166 ( Fig. 7B ).
Once p53 is stabilized, it translocates to the nucleus to activate transcription of target genes. The ability of p53 to bind DNA and induce transcription is controlled by other PTMs such as acetylation. Acetylation of p53 increases p53 binding to promoters and correlates with increased p53 activity (23) . Using a specific antibody to acetylated p53 at Lys-382, we measured increased p53 acetylation after OGT overexpression and OGA silencing ( Fig. 7C ). When normalized to p53 expression, the increase in acetylation of p53 was higher after OGT overexpression and in OGA knockdowns. Importantly, OGA/OGT overexpression did not alter protein levels of the enzymes responsible for p53 Lys-382 acetylation (p300) and deacetylation (Sirt1) (Fig. 7D ). The results suggest that increased O-GlcNAc levels enhance acetylation of p53 in lysine 382, but the changes do not occur through modulation of p300 or Sirt1 protein levels.
TMG Treatment Impairs Tumor Cell Growth without Altering Cisplatin Cytotoxicity-The major function of p53 in cells is as a tumor suppressor. Because O-GlcNAc modulation increases p53 stabilization and activity, we hypothesized that TMG treatment could improve the efficiency of a chemotherapeutic agent like cisplatin, a chemotherapeutic used in the clinic to treat ovarian cancer. We performed colony formation assays with cisplatin and TMG. We preincubated A2780 cells with or without TMG followed by 24 h of cisplatin treatment. Eleven days later, the number of colonies was analyzed. Cells preincubated with TMG formed significantly fewer colonies than cells in the absence of the inhibitor (Fig. 8, A and B) . The IC 50 value of cisplatin decreased more than 30% in cells preincubated with TMG ( Fig. 8B ). To determine whether the difference found was due to increased cytotoxicity, we performed cell viability assays but found no significant difference in cell viabil- p53 Acts as an O-GlcNAc Homeostasis Sensor ity in the presence or absence of TMG ( Fig. 8C ). Corroborating these findings, we performed annexin PI staining and measured no significant differences in apoptosis induced by cisplatin in the presence or absence of TMG ( Fig. 8D ), nor did we measure changes in early or late apoptosis or induction of necrosis ( Fig.  8E) . TMG Treatment Increases G 2 /M Cell Cycle Arrest Induced by Cisplatin in a Partially p53-dependent Manner-Because reduction in colonies of A2780 cells after cisplatin and TMG treatment was not due to increased cell death, we suspected from previous work (6) that TMG would decrease cell growth. Combined with cisplatin, TMG treatment decreased protein levels of MDM-2 and increased levels of p21, a cell cycle inhibitory protein ( Fig. 9 , A and B) suggesting that p53 was more active in cells treated with TMG. Using propidium iodide staining to analyze DNA content, we evaluated the cell cycle phases before and after cisplatin treatment in the presence or absence of TMG. TMG alone did not interfere with cell cycle progression ( Fig. 9C ). However, cells exposed to TMG and then treated with cisplatin for 24 h had significantly more cells arrested at G 2 /M ( Fig. 9 , C and D) suggesting that TMG treatment decreased tumor cell growth by reducing cell cycle progression after cisplatin treatment without impairing cisplatin cytotoxic effects.
To analyze whether the effect of TMG on cell growth was due p53 pathway activation, we performed the colony formation assay in A2780 cells silenced for p53. TMG treatment significantly affected colony formation in p53 wild type cells (A2780 shCtr) treated with cisplatin, but when p53 was silenced in these cells (A2780 sh p53#1), the decrease in colony formation was no longer significant ( Fig. 10, A and B) . These data suggest that the effects of TMG on cell growth during cisplatin treatment were partially dependent on wild type p53 pathway activation.
Discussion
The control of cell death and cell growth by the p53 pathway is key for cellular homeostasis and tumor suppression. Defects in p53 pathway activation are intrinsically related to cell malignancy (30) and tumor development (31) . Given that high grade serous ovarian cancer has one of the highest p53 mutation rates (32), we investigated the relationship between the p53 pathway and O-GlcNAcylation. Our results revealed a significant decrease in O-GlcNAcylation in ovarian tumors compared with normal tissues. Next, we showed in ovarian cell lines expressing wild-type p53 that pharmacological inhibition of OGA, silencing of OGA, or overexpression of OGA or OGT increased wild type p53 stability, translocation, and activation, although we observed no stabilization effect in cell lines with mutated p53. Finally, treatment with cisplatin combined with TMG enhanced cell cycle arrest at G 2 /M, and this effect is partially dependent on activation wild-type p53.
Changes in O-GlcNAcylation levels commonly occur between normal and tumor tissue (3), but the changes do not follow a consistent pattern between tumors from different tissues. In this work, we saw a significant decrease of O-GlcNAcylation in ovarian tumor tissue. Expression of OGA was significantly decreased in the cytoplasm with a trend toward higher nuclear localization, whereas OGT showed a slight increase in cytoplasmic localization in the tumor samples. Importantly, OGT and OGA as essential genes in the human genome (33, 34) demonstrate the importance of O-GlcNAcylation for normal cellular function; therefore, we did not expect dramatic changes in OGT or OGA expression. The heterogeneity in the expression of O-GlcNAc, OGA, and OGT in cancer suggests diverse mechanisms regulating O-GlcNAcylation. However, ovarian cancer shows a significant decline in overall O-GlcNAcylation. In this study, we did not analyze differences in O-GlcNAcylation of specific proteins, but further studies are needed to investigate these potential changes.
Using five tumor cell lines with different p53 backgrounds, we showed higher levels of OGA protein expression and decreased O-GlcNAcylation in cell lines expressing wild type or mutant p53. These data suggest that OGA expression does not depend directly on p53 transcriptional activity. Although p53 is a known transcription factor, it also displays functions not related to gene transcription. Cytoplasmic p53 can induce apoptosis and necroptosis via mitochondrial permeabilization (35) . Using a cytoplasmic p53 mutant, p53 inhibited autophagy though a non-nuclear effect (36) . Thus, the changes in OGA expression could be a result of a cytoplasmic p53 effect on other intracellular pathways leading to a secondary effect on OGA expression and consequently O-GlcNAc levels.
Restoring the expression of wild type p53 is an approach in cancer therapy due to the fact that increased p53 will suppress tumor growth and promote cell death. The use of molecules that inhibit MDM-2 mediated destruction of p53, thereby stabilizing the tumor suppressor, showed encouragingly results in in vitro, animal, and patient studies (37, 38) . Here, we show that modulation of O-GlcNAcylation results in stabilization of wild type p53 and activation of the p53 pathway in p53 wild type ovarian and neuroblastoma cancer cells. Other studies using mouse embryonic fibroblasts and mouse retinal pericytes investigated the correlation between O-GlcNAc changes and p53 levels, but none of them show effects on stabilization of p53 by O-GlcNAc (39 -41) . Interestingly, O-GlcNAc modulation did not increase p53 levels or translocation of p53 to the nucleus in the p53-mutated cell line OVCAR-8. Mutation of p53 generates loss of function of the protein and, in some cases, a gain of new functions such as increased invasion, genomic instability, and drug resistance (42) . Thus, changes in O-GlcNAcylation would lead to activation of the tumor-suppressive pathway in p53 wild type cells but not the activation of the oncogenic pathway in p53 mutant cells. Although changes in O-GlcNAc had no effect on the p53 mutant found in OVCAR-8 cells, more studies are needed to establish whether different gain of function p53 mutants are affected by O-GlcNAc modulation.
Cells maintain a basal homeostatic level of O-GlcNAc. Changes in nutrient availability alter O-GlcNAc homeostasis leading to O-GlcNAc-mediated changes in cellular function (43) . Furthermore, pharmacological inhibition or gain or loss of OGT and OGA expression alters O-GlcNAc homeostasis by disrupting O-GlcNAc cycling (43) . Interestingly, stabilization and/or activation of p53 occurred after increasing (TMG treatment, OGT overexpression, and OGA knockdown) and decreasing (OGA overexpression) O-GlcNAc levels. Thus, p53 pathway activation occurs after any change in O-GlcNAc homeostasis suggesting that p53 acts as an O-GlcNAc homeostasis sensor. Increased O-GlcNAcylation occurs in response to many stress stimuli (10, 44) , and changes in O-GlcNAc homeostasis may act as a stress signal triggering stress-response activation of the p53 pathway. Thus, modulation of O-GlcNAc levels would be an upstream signal triggering the p53 pathway activation in response to stress.
Post-translational modifications are a key step in activation of the p53 pathway (23) . For example, p53 is O-GlcNAcylated at serine 149 resulting in decreased interaction with MDM-2, reduced ubiquitination of p53, and stabilization of the protein (26) . In our results, we showed that disruption of O-GlcNAc homeostasis stabilized p53, but we were unable to measure O-GlcNAc on p53. Potentially, O-GlcNAcylated p53 in these cell lines compared with the MCF-7 cell line used previously to map the O-GlcNAc site is very low and not detectable. Furthermore, reduced O-GlcNAcylation caused by OGA overexpression increased p53 levels and activation. These data suggest that changes in the levels of O-GlcNAc on p53 are less critical to regulating p53 stability in A2780 cells then disrupting homeostatic levels of O-GlcNAc.
Acetylation of p53 correlates to increased DNA binding and transcriptional activity (23) . Increased O-GlcNAcylation in OGT-overexpressing cells or OGA knockdowns increased acetylated p53 at lysine 382. This increase in the modification results in higher transcription of p53 target genes. For example, acute exposure of human umbilical vein endothelial cells to high glucose media increases acetylation of p53 and expression of p21 (45) . The expression of the enzymes p300 and SIRT1 involved in Lys-382 acetylation and deacetylation, respectively (46) , was altered in the human umbilical vein endothelial cells exposed to high glucose (45) . In our ovarian cancer model, protein levels of both enzymes are unchanged after OGA and OGT overexpression; however, changes in O-GlcNAc homeostasis 
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could modulate the activity of these enzymes or their interactions with wild type p53. Acetylation of Lys-382 is important for recruitment of p300 to p21 promoter and for p21 expression by p53 (47) , which corroborates the increase in p21 levels after OGT overexpression and OGA silencing. Granted, more exper- 
. Pharmacological modulation of OGA increases p53 function and alters its localization in p53 wild type cells but not in p53-mutated cells.
Cancer cell lines were treated with the OGA inhibitor, TMG (10 M), for 6 or 24 h. O-GlcNAcylation, MDM-2, and p53 (A) and p21 protein levels in TMG treatment (B) were measured by immunoblot, and actin was used as loading control. p53 (C) and p21 and Bax (D) mRNA levels after TMG treatment were measured and normalized to HPRT1 mRNA levels. Cytoplasmic and nuclear preparations of A2780 and OVCAR-8 were made after 6 h of TMG treatment. E and G, p53 protein levels were measured by immunoblotting; GAPDH was used as loading control for cytoplasmic fractions, and lamin B1 was used as loading control for nuclear fractions. F and H, densitometry of p53 expression in cytoplasmic and nuclear preparations normalized to GAPDH levels for cytoplasmic fractions and to lamin B1 levels in nuclear fractions. All experiments were performed with at least three biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.0001; WB, Western blotting.
FIGURE 5. Silencing of OGA increases wild type p53 function and alters its localization.
A, O-GlcNAc and OGA were measured by immunoblot. B, MDM-2, p53, and p21 protein levels were measured in knockdown cells by immunoblot. Actin was used as loading control. C, densitometry of protein expression in A2780 was normalized to actin levels. D, mRNA levels of p53, p21, and Bax in A2780 OGA knockdown cells were measured by qPCR. Cytoplasmic and nuclear preparations were made from control or silenced A2780 cells. E, p53 protein levels were measured by immunoblot, and GAPDH was used as loading control for cytoplasmic fractions, and lamin B1 was used as a loading control for nuclear fractions. F, densitometry of p53 expression in cytoplasmic and nuclear preparations normalized to GAPDH levels in cytoplasmic fractions and to lamin B1 levels in nuclear fractions. The mRNA levels of genes of interest were measured and normalized to HPRT1 mRNA levels. Protein and mRNA levels from OGA knockdown cells were normalized to control (pLKO) cells. All experiments were performed with at least three biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.0001; WB, Western blotting.
MDM-2 degradation (29) leading to accumulation of MDM-2 and p53 degradation in the cytoplasm. In fact, activation of the p53 pathway is controlled by p53 up-regulation of the MDM-2 promoter. This self-regulatory feedback loop occurs in cells upon activation of the p53 pathway (48) . The negative regulation induced by p53 activation acts as a form of control against overactivation of the pathway. Alterations to O-GlcNAc homeostasis increased phosphorylation of Ser-166 and MDM-2 levels suggesting that changes in cellular O-GlcNAc levels increase MDM-2 activation. However, this feedback loop is not sufficient to block the activation of the p53 pathway triggered by disruption in O-GlcNAc homeostasis.
The aim of the majority of chemotherapeutic agents in cancer therapy is to induce programmed cell death in tumor cells. The chemotherapeutic agent cisplatin alkylates DNA leading to considerable DNA damage, activation of the p53 pathway, and apoptosis (9) . When we combined cisplatin with TMG, we observed a significant decrease in clonogenic growth. The combined treatments also increased G 2 /M arrest. Interestingly, TMG alone did not interfere with cell growth, cell cycle progression, or cell death suggesting that the activation of p53 caused by TMG is not enough to induce significant effects on cell growth or cell death.
Although activation of the p53 pathway was increased with cisplatin and TMG treatment, colony formation assays using A2780 cells with silenced p53 also showed a trend toward decreased growth. These data indicate that the TMG/cisplatin effect on growth was partially dependent on p53 activation. TMG treatment might be regulating other growth-related pathways contributing to the decrease of colony formation observed with the TMG and cisplatin combination treatment. Importantly, tumors, and especially ovarian cancer, present a high rate of mutations of the p53 gene (27) that lead to loss of p53 tumor suppressor function. Thus, the fact that TMG treatment does not need functional p53 to affect cell growth ( Fig. 10 ) would increase the range of tumors where combination therapy might enhance the efficacy of the chemotherapeutic. Interestingly, prolonged treatment with an OGA inhibitor (more than 3 months) increased O-GlcNAc levels in all tissues with no toxicity in mice (28) . Potentially, OGA inhibition could be applicable as a drug target to control tumor growth without severe side effects toward healthy tissue. Hence, the use of OGA inhibitors as adjuvant therapy for cancer treatment might have minimal toxicity to normal tissues while enhancing the activity of the chemotherapeutic.
In conclusion, we showed that disruptions in O-GlcNAc homeostasis activate wild type p53 suggesting a model in which p53 senses cellular O-GlcNAc levels. Once O-GlcNAc homeostatic levels change, p53 becomes stabilized and moves into the nucleus. Nuclear translocation increases p53 acetylation and its FIGURE 6. OGA and OGT overexpression increases wild type p53 levels and function and alters its localization. A, overexpressions of GFP, OGA, and OGT in two wild type cancer cell lines (A2780 and SH-SY5Y) and one mutated cancer cell line (OVCAR-8) were performed. O-GlcNAc, OGA, OGT, and GFP protein levels were measured by immunoblot. B, MDM-2, p53, and p21 protein levels were measured in wild type and mutated cells by immunoblot. C, densitometry of protein expression in A2780 was normalized to actin levels. The mRNA levels of p53, p21, and Bax in A2780 cells overexpressing GFP and OGA (D) or OGT (E) were measured by qPCR. Cytoplasmic and nuclear preparations were made in A2780 cells overexpressing GFP, OGA, and OGT. F, OGA, OGT, MDM-2, p53, and GFP protein levels were measured by immunoblot, and GAPDH was used as loading control for cytoplasmic fractions, and lamin B1 was used as a loading control for nuclear fractions. G, densitometry of p53 expression in cytoplasmic and nuclear preparations were normalized to GAPDH levels in cytoplasmic fractions and to lamin B1 levels in nuclear fractions. The mRNA levels of genes of interest were measured and normalized to HPRT1 mRNA levels. Protein and mRNA levels from OGA and OGT overexpressing cells were normalized to GFP-overexpressing cells. All experiments were performed with at least three biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.0001; WB, Western blotting. SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36
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affinity for DNA target sequences, resulting in increased transcription of p53 target genes like CDKN1 and BAX (Fig. 11) , which in turn can induce cell cycle arrest or apoptosis. Thus, this work demonstrates that the wild type tumor suppressor p53 senses changes to O-GlcNAc homeostasis and suggests that using OGA inhibitors in association with cisplatin is beneficial for cancer treatment.
Experimental Procedures
Chemicals and Reagents-All primary and secondary antibodies used for immunoblotting were used at 1:1,000 and 1:10,000 dilution, respectively. Anti-O-linked N-acetylglucosamine antibody (RL2) (ab2739), anti-acetyl Lys-382 p53 (ab75754), and anti-GAPDH (ab9484) were purchased from Abcam. Antibodies for OGT (AL-34) and OGA (345) were gra-FIGURE 8. TMG treatment alters growth but not cell death of A2780 cells during cisplatin treatment. A2780 cells were pretreated with TMG (10 M) or vehicle for 4 h followed by treatment with cisplatin for 24 h. A, colonies were counted 11 days later. B, colony formation was quantified between cisplatin (0.25-2 M)-treated cells treated with or without TMG. C, MTT assays were performed with cells treated with cisplatin for 48 h (6 -100 M). Optical density normalized to untreated cells was considered 100%. D and E, cell death assay was performed with cells treated with cisplatin for 24 h (12-100 M). Fluorescence intensity normalized to untreated cells was considered 100%. All experiments were performed with at least three biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.0001.
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cious gifts from the Laboratory of Gerald Hart in the Department of Biological Chemistry at The Johns Hopkins University School of Medicine. Anti-␤-actin (A2066), anti-␣-tubulin (T5168), anti-OGA (SAB4200311), and anti-chicken IgY HRP (A9046) were purchased from Sigma. Anti-lamin B1 (D4Q4Z) (catalog no. 12586) and anti-SIRT1 (C14174) (catalog no. 2496) were purchased from Cell Signaling. Anti-MDM2 (SMP14) (sc-965), anti-p-MDM2 (Ser-166) (sc-293105), anti-p53 (DO-1) (sc-126), anti-p21 (F-5) (sc-6246), anti-p300 (C-20) (sc-585), and anti-green fluorescent protein (B-2) (sc-9996) were purchased from Santa Cruz Biotechnology. Anti-rabbit HRP (170-6515) and anti-mouse HRP (170-6516) were purchased from Bio-Rad. Nutlin-3 (N6287) and cisplatin (P4394) were purchased from Sigma. Thiamet-G (TMG) was purchased from SDChemMolecules.
Cell Culture-Human ovarian cancer cell lines A2780, SKOV-3, OVCAR-4, OVCAR-7, and OVCAR-10 were grown in 1:1 MCDB 105 medium and Medium 199 (M6395 and M4530, Sigma) supplemented with 5% heat-inactivated fetal bovine serum (FBS) (catalog no. 100-106, Gemini), 100 units of penicillin, and 100 mg/ml streptomycin (P433, Sigma), at 37°C with 5% CO 2 . Human ovarian cancer cell line OVCAR-8 was grown in RPMI 1640 medium (Sigma) supplemented with 5% heat-inactivated FBS, 100 units of penicillin, and 100 mg/ml streptomycin at 37°C with 5% CO 2 . The A2780 shRNA knockdown p53 cell lines (A2780shCtr, A2780sh#1, A2780sh#2, and A2780sh#3) were grown in 1:1 MCDB 105 medium and Medium 199 (Sigma) supplemented with 5% heat-inactivated FBS, 3 g/ml puromycin (catalog no. 380-028-G001, Alexis Biochemicals), 100 units of penicillin, and 100 mg/ml streptomycin at 37°C with 5% CO 2 . Cells were subcultured using trypsin-EDTA (catalog no. 25200-056, Gibco) every 3 days. Human neuroblastoma cancer cell line SH-SY5Y was grown in Dulbecco's modified Eagle's Medium (DMEM) (Sigma) supplemented with 10% heat-inactivated FBS, 100 units of penicillin, and 100 mg/ml streptomycin at 37°C with 5% CO 2 . OGA, OGT (a kind gift from Gerald Hart, The Johns Hopkins University School of Medicine), and GFP (Baylor Vector Laboratories) adenovirus were used for infections for 48 h (multiplicity of infection of 25 for OVCAR-8, 50 for A2780, and 75 for SH-SY5Y). Lentiviral human OGA shRNA constructs 040 (RHS3979, Clone TRCN0000134040, Open Biosystems) was infected into ovarian cancer cell line A2780 using lentivirus media made in HEK293 cells and stable clones selected with puromycin (1 g/ml). A2780 p53 silenced cell lines were generated by Chien and co-workers (49). p53 Acts as an O-GlcNAc Homeostasis Sensor SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36
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Cytotoxicity Assay-Cell cytotoxicity was evaluated using MTT assay (M5655, Sigma) as described (50) . Briefly, cells were seeded at a density of 1.5 ϫ 10 4 cells/well in 96-well plate overnight, pretreated or not with 10 M TMG for 4 h, and then exposed to various concentrations of cisplatin for 48 h. Four hours before the end of the treatment, cells were incubated with MTT (2.5 mg/ml) and kept in the dark at 37°C until the end of the treatment. Formazan crystals produced by the reduction of MTT in the mitochondria by viable cells were dissolved in DMSO, and the optical density was measured with a plate 
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reader (Epoch, BioTek) at 570 nm (reference filter 630 nm). The results were expressed as percentage of the control, considered to be 100% Ϯ S.D. DMSO was used as a vehicle control. Data were acquired and analyzed using Gen5 2.07 software.
Apoptotic Assay-Fluorescein annexin V-FITC/PI double labeling was performed with the annexin V-FITC apoptosis detection kit (catalog no. 4830-01-K, Trevigen). Ovarian cells were seeded in 24-well plates overnight (1 ϫ 10 5 cells/well). Cells were pretreated with TMG (10 M) or vehicle for 4 h and then exposed to various concentrations (12-100 M) of cisplatin for 24 h. After treatment, cells were harvested and stained with annexin V-FITC and PI according to the manufacturer's instructions. The apoptotic cells were determined with a BD LSR II flow cytometer (BD Biosciences) and analyzed with BD FACSDiva software (BD Biosciences) at the University of Kansas Flow Cytometry Core.
Tumor Microarray Analysis-Tissue microarrays were constructed from archival formalin-fixed paraffin-embedded samples of ovarian carcinoma (48 patients) and primary peritoneal carcinoma (1 patient) along with matched metastases and recurrences (15 patients; 2 of these 15 patients had 2 recurrences each), matched metastases alone (27 patients), and matched recurrences alone (7 patients (1), not otherwise specified (1 sample), and adenocarcinoma, not otherwise specified (1 sample), and the primary peritoneal carcinoma was also of the serous type. Normal samples were collected from the ovary and fallopian tube (9 samples). A board-certified pathologist selected tumor-rich areas after hematoxylin and eosin staining. Using the semi-automated TMArrayer (Pathology Devices, Inc., Westminster, MD), tissue microarrays paraffin blocks were assembled with triplicate 1.0-mm cores using the marked slide as a guide. The samples were subjected to staining for O-GlcNAcylation (RL-2 antibody, Abcam), OGT (AL-28), and OGA (SAB4200311, Sigma). A pathologist then scored the slides according to the intensity and localization of the staining.
Clonogenic Assay-Ovarian cells were seeded at 3,000 cells/ well in 6-well plates overnight. Cells were either pretreated or not with TMG (10 M) for 4 h and then exposed to various concentrations (0.5-2.5 M) of cisplatin for 24 h. After treatment, wells were washed with PBS, and new media were replaced. Cells were maintained in culture for 11 days. Colonies formed after 11 days were stained with Crystal Violet (C3886, Sigma) and counted using ImageJ (National Institutes of Health).
Cell Cycle Analysis-Staining for DNA content by propidium iodide (catalog no. 195458, MP Biomedicals) was used to evaluate cell cycle phase. Twenty four hours after plating, cells (1 ϫ 10 5 cells/well) were incubated with TMG (10 M) for 4 h and then treated with cisplatin (30 M) for 24 h. Next, the cells were harvested and resuspended in a hypotonic fluorescent solution (50 mg/ml PI and 0.1% Triton X-100 in 0.1% sodium citrate buffer) for 1 h in the dark at 4°C. Cells were analyzed by flow cytometry (FL-2A) (BD LSR II, BD Biosciences). Data acquisition and analysis were controlled by BD FACSDiva software (BD Biosciences) (6) .
Immunoblotting-Cells were lysed in lysis buffer (20 mM Tris, pH 7.4, 1% Nonidet P-40, 2 mM EDTA, 1 mM DTT, 40 mM N-acetylglucosamine, 150 mM NaCl, and protease inhibitors added at the time of preparation). Samples were loaded in equal protein amounts and fractionated by 4 -15% polyacrylamide gradient gel (catalog no. 567-1084, Criterion Gels, Bio-Rad). Proteins were transferred to a PVDF membrane (IPVH00010, Immobilon, Millipore) and blocked for 1 h with Tris-buffered saline containing 0.05% Tween 20 and 5% bovine serum albumin (BSA, catalog no. 50-753-3053, Fisher). Membranes were incubated overnight at 4°C with primary antibody. Following a series of washes with Tris-buffered saline, 0.05% Tween 20, secondary horseradish peroxidase-conjugated antibody was added and incubated for 1 h at room temperature. After washing (five times for 5 min), the blot was visualized by chemiluminescence detection using chemiluminescent horseradish peroxidase reagent HyGlo (E2400, Denville Scientific) according to the manufacturer's instructions.
Immunoprecipitation-Cells were lysed in lysis buffer as before. Samples (1 mg of protein) were incubated with primary antibody or IgG control antibody overnight at 4°C with constant rotation. The next day lysates were incubated with protein G-agarose beads (Millipore, catalog no. 16-266) at 4°C with constant rotation for 2 h. Beads were washed five times with lysis buffer, and samples were used in immunoblotting.
Quantitative Real Time PCR (qPCR)-Total RNA was isolated by TRI reagent solution (AM9738, Ambion) according to the manufacturer's instruction. Briefly, cells were plated, harvested, and resuspended in 1 ml of TRI reagent solution followed by extraction with chloroform (T9424, Sigma). RNA was precipitated with isopropyl alcohol (UN1219, Fisher) by centrifugation, washed with 70% ethanol, and dissolved in nuclease-free water (AM9906, Ambion). A total of 1 g of RNA was used for reverse transcription (RT) using iScript Reverse Transcription Supermix (170-8841, Bio-Rad). The cDNA products were diluted (1:10) with nuclease-free water and analyzed by qPCR using SsoAdvanced Universal SYBR Green Supermix (172-5271, Bio-Rad) according to the manufacturer's instruction. Briefly, cDNA, SYBR Green, nuclease-free water, and primers ( Table 2) were mixed and added to a 96-well PCR plate (AVRT-LP, Midsci). Quantitative PCR analysis was performed using a CFX96 touch real time PCR detection system (185-5195, Bio-Rad) with the following protocol: polymerase activation and DNA denaturation for 30 s at 95°C; amplification denaturation for 5 s at 95°C and annealing for 30 s at 60 or 62°C with 40 cycles; and melt curve 65-95°C with 0.5°C increment 5 s/step. Quantification cycle (C q ) value was recorded by CFX Manager TM software. Subcellular Fractionation-After harvesting and pelleting, cells were resuspended in hypotonic buffer (20 mM HEPES, pH 7.5, 50 mM NaF, 5 mM Na 2 P 2 O 7, 50 mM N-acetylglucosamine, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF and protease inhibitor mixture) and centrifuged. The supernatant was saved (cytoplasmic fraction), and the pellet was washed 10 times with hypotonic buffer. After washing, the pellet was lysed with Nonidet P-40 lysis buffer and centrifuged for 20 min at 20,000 ϫ g; the resulting supernatant was the nuclear fraction. The protein levels in the fractions were analyzed by immunoblotting and normalized by lamin B1 levels for nuclear fraction and by GAPDH for cytoplasmic fraction.
Statistical Analysis-All the data reported in this paper were expressed as the mean Ϯ S.D. from at least three independent experiments. A significant difference from the respective control for each experimental test condition was assessed by oneway analysis of variance or Student's t test using GraphPad Prism 6.0 software. Values of p Ͻ 0.05 were considered statistically significant.
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